Abstract. The detailed chemical information contained in the vibrational spectrum of a cryogenically cooled analyte ion would, in principle, make infrared (IR) ion spectroscopy a gold standard technique for molecular identification in mass spectrometry. Despite this immense potential, there are considerable challenges in both instrumentation and methodology to overcome before the technique is analytically useful. Here, we discuss the promise of IR ion spectroscopy for small molecule analysis in the context of metabolite identification. Experimental strategies to address sensitivity constraints, poor overall duty cycle, and speed of the experiment are intimately tied to the development of a mass-selective cryogenic trap. Therefore, the most likely avenues for success, in the authors' opinion, are presented here, alongside alternative approaches and some thoughts on data interpretation.
Introduction

M
any mass spectrometry technique developments have aimed to increase the amount of structural information obtained through these measurements. In ion spectroscopy, the structure of an ion is probed via photons from an intense light source, usually a laser. The absorption of light is most readily verified by a so-called 'action' or 'consequence' spectroscopy scheme, in which the absorbed photon increases the ion's internal energy, thereby (possibly) leading to cleavage of a bond and a change in its mass-to-charge ratio (m/z). The yield of this photodissociation process is dependent on properties of the light source, such as the photon wavelength/energy and the spectral brightness, but is also importantly reliant on the molecular properties of the ion, namely its electronic and vibrational absorption characteristics. As has been demonstrated in countless publications since the late 1970s, indirect measurements of the infrared (IR) and/or ultraviolet-visible (UV-Vis) spectra of ions can be obtained via wavelength-dependent laser-induced photodissociation.
Progress in infrared ion spectroscopy was held back for a long time by the limited tunability of light sources. In the past decade and a half, the field has enjoyed a considerable resurgence, initially brought about by the advent of widely tunable free electron lasers (FELs), housed at user facilities (e.g., FELIX, CLIO) [1, 2] , which have allowed for the recording of IR spectra in the chemically important 500-2000cm -1 so-called 'fingerprint' region. More recently, benchtop optical parametric oscillators/amplifiers (OPO/As) have become much more routinely operated, and have extended the capability of recording IR photodissociation spectra (in the e.g., 2150-4400cm -1 region) to individual investigator laboratories at an affordable cost (i.e., <$100k) [3] [4] [5] . By using appropriate nonlinear crystals (e.g., AgGaSe 2 ) [6] , output can also be generated in the important 550-2000cm -1 region, in principle spanning the entire range that is usually probed by Fourier transform infrared (FTIR) spectroscopy. Given these developments, and a recent review covering this topic [7] , a detailed discussion on IR light sources will not be the subject of this paper, but the focus will rather be on mass spectrometry developments. Despite these advances, why then has ion spectroscopy still not emerged as a powerful tool in (bio)analytical mass spectrometry? A key impediment is the relatively poor resolution of the most easily implemented IR 'action' spectroscopy method, infrared multiple photon dissociation (IRMPD) of roomtemperature ions [8] [9] [10] , which generally gives rise to broad IR bands with full-width half-maximum (FWHM) in the range of 30-50cm -1 . Enhanced resolution (i.e., FWHM ≤6cm ) and, thus, higher molecular specificity, can be achieved in cryogenic
Correspondence to: Nicolas C. Polfer; e-mail: polfer@chem.ufl.edu experiments where the ion structures are probed at temperatures close to absolute zero (i.e.,~4-30K) [11, 12] . At these low temperatures, spectral congestion is noticeably reduced, due to the elimination of hot bands, and a narrower rotational distribution. As an example, the experimental IR spectra for protonated diglycine at room temperature (using IRMPD spectroscopy) and cryogenic temperature (using IR predissociation spectroscopy) are contrasted in Figure 1 [13] , together with the computed IR spectrum of the lowest-energy conformer. The cryogenic measurements clearly exhibit a much closer agreement with theory and, thus, a more confident structural assignment. As a word of caution, however, a number of conformers may be generated in the cooling process, especially in the case of larger molecules, meaning that the observed IR spectrum is due to a co-addition of all of these conformers.
Despite the more detailed structural information that is obtainable in these experiments, cryogenic measurements also require custom instrumentation that is not readily available commercially. In fact, even current, cutting-edge cryogenic instrumentation (for ion spectroscopy) displays considerable shortcomings in terms of turning the technique into a useful analytical tool. For one, less emphasis has so far been put on maximizing sensitivity in cryogenic instruments, in order to make the technique viable for 'real' biological samples. Moreover, 'action' spectroscopy approaches generally suffer from a poor duty cycle, as a single precursor ion is monitored at a single laser frequency at any one time. Finally, the chemical identification of truly unknown analytes, based on their infrared spectra, is a non-trivial problem, as the number of putative candidate structures (based on mass) is extremely large [14] .
This critical insight article aims to offer possible solutions in mass spectrometry instrumentation and methodology to overcome these challenges. The detailed structural insights that infrared ion spectroscopy of cryogenically cooled ions offers, and the potentially revolutionary implications of these developments for small molecules analysis (such as in metabolomics), suggest that these efforts are more than worthwhile. It should also be noted that there are currently a number of exciting strategies involving spectroscopy that are on-going with the aim of increasing the structural information on biological ions. These include, among others, the coupling of ion mobility with cryogenic spectroscopy [15, 16] , as well as using the distinct UV photodissociation fingerprints of cryogenically cooled ions [17] (as a function of wavelength) for purposes of identification.
The Promise of a New Technique for an Old Problem
An infrared spectrum of an ion contains a wealth of chemically relevant information, such as the presence or absence of various chemical groups, the symmetry of the complex, the site of the charge attachment, the strength of hydrogen bonding interactions, and the secondary structure of peptides/proteins (to name a few). Spectral congestion generally increases with molecular size, due to a larger number of oscillators, but also due to the possible presence of multiple conformers. This is further compounded by a larger number of isomers for larger molecular weights, meaning that more analytes need to be at higher masses. These trends suggest that there is an upper-mass limit, above which unambiguous molecular identification via IR spectroscopy is difficult, if not impossible. In order to avoid this problem, we aim to apply the technique primarily to small-molecule analysis.
Metabolomics involves profiling small molecular weight analytes found in biological systems. The high complexity of metabolite samples poses a formidable challenge for the structural identification of unknowns [18, 19] . Current methodologies involving liquid chromatography (LC) separation, followed by MS/MS fragmentation, merely allow a small proportion of metabolites to be identified [20, 21] . The main bottleneck lies in the limited number of standards for which reference MS/ MS spectra are available, compounded by the instability of many metabolites.
The application of IR ion spectroscopy to metabolite identification, as shown in Figure 2 , introduces an additional dimension of information. Some of this information can be relatively straightforward to interpret, such as the presence of various diagnostic bands and, thus, the presence (or absence) of various chemical groups. For instance, the band positions of a number of moieties have been found to be relatively reproducible in peptides, as summarized in Table 1 .
Particularly the so-called fingerprint region (i.e., 500-2000cm
) can serve as a strong identifier for molecular identification, as is well known from Fourier transform IR (FTIR) spectroscopy. The higher spectral resolution in cryogenic spectroscopy is important to increase the molecular specificity in these measurements. Another important characteristic of IR spectroscopy is that molecules with similar chemical structures exhibit similarities in their spectral patterns. This is likely key in the identification of unknown metabolites. Figure 3 exemplifies the power of the combined information from mass spectrometry and IR spectroscopy to make structural assignments for unknown metabolites. Known metabolites from the androgen/estrogen metabolic cycle, denoted here as (a)-(d), are employed for illustrative purposes. The various known metabolites in this cycle are naturally closely related chemically, as each metabolic step (merely) changes some functional groups, but leaves the main backbone structure intact. Let us assume that an unknown metabolic feature were measured at an accurate m/z 286.193. Based on mass alone, there are in principle a very large number of putative structures that would need to be considered, and it would not be obvious that this molecule is related to the known molecules (a)-(d). If, however, the IR spectrum of the unknown were compared with reference IR spectra for (a)-(d), one would expect a considerable degree of spectral similarity. This is illustrated in more detail for the 1200-1500cm -1 region, where the unknown is contrasted to the known structure (a), showing a number of bands that are present in both spectra. In general, one would expect that metabolites within the same chemical family would exhibit considerable spectral similarities, especially in the fingerprint region, which is largely composed of backbone deformation and bending modes. This characteristic match would allow a general classification of the unknown molecule within a particular chemical family, provided that suitable reference spectra (of known analytes) are available. In addition, the accurate mass measurement would enable an assignment of the elemental composition, in effect guiding the process of proposing putative structures for the unknown within a given family. More chemically diagnostic modes, such as carbonyl CO stretches, C = C stretches, OH stretches, etc. (denoted by color coding), could then verify which chemical moieties are present/absent, thus further reducing the number of putative structures that need to be considered. An ultimate identification of the unknown is achievable by matching the IR spectrum of the unknown to that of a synthetically made reference compound. Given the high resolution in the cryogenic experiments, an exact overlap could serve as a convincing identifier, even if some detailed questions, such as those related to stereochemistry, may remain unanswered.
A similar argument for the usefulness of IR spectroscopy can be made in the area of testing for banned substances. Traditional methodologies for drug testing, based on chromatographic retention times, accurate mass and fragmentation patterns, backed up by optimized sample work-up procedures, are highly selective and proficient for determining the concentrations of drugs with known molecular formulae. 'Designer drugs' are engineered in such a way as to evade detection by these testing methods [31, 32] , by shifting retention times and the masses of analytes, and thus pose a problem for analytical science. Nonetheless, a potential Achilles heel of designer drugs is the fact that they must retain certain chemical Comparison of experimental IR spectrum of unknown with reference experimental IR spectra for known metabolites (a)-(d) (right), depicting diagnostic vibrations via color coding. Zoom-in of 1200-1500 cm -1 region overlay for known (a) and unknown (left bottom). This illustrative figure was made using the androgen/estrogen metabolic pathway as an example, incorporating the known metabolites 17-hydroxyprogesterone (a), 17α-hydroxypregnenolone (b), dehydroepiandrosterone (c), dehydroepiandrosterone sulfate (d), and androstenedione (unknown). The IR spectra for these molecules were obtained in the Gaussian 03 quantum chemical package, using the B3LYP/6-31G* level of theory for geometry optimization and harmonic frequency calculations. Note that in the region from 800-1500 cm -1 , the intensities were magnified by a factor between 3 and 10 for ease of visual representation. The frequencies were scaled by a uniform scaling factor of 0.961, except for OH stretches, where a scaling factor of 0.976 was employed. The stick spectra were then convoluted using a 5 cm -1 full-width half-maximum (FWHM) Gaussian function to make them appear more similar to experimental data properties, namely their relevant chemical functional groups and/or structure, in order to avoid sacrificing their effectiveness. It stands to reason that IR spectroscopy should be well placed to bring to the fore those molecules that are most chemically similar to known banned substances, and thus act as a powerful method for drug analysis.
While there are many other fruitful avenues for IR ion spectroscopy, the usefulness of the technique is constrained by molecular size-the large number of oscillators in a protein, for instance, can render a detailed structural interpretation challenging. Still, this does not mean that answers to more selective questions cannot be obtained. For instance, the presence of functional groups with distinct vibrational features, such as oxazolone rings [33, 34] and phosphates [26, 35] have been verified in larger peptides. Further, IR ion spectroscopy is powerful for determining the secondary structure motifs of peptides (even up to 12 amino acid residues) [36] . The driving forces for advancing a particular technology can be found in both the strengths of the novel technology as well as the failings of traditional approaches. In this light, metabolites and banned substances rank among the most manifest examples, where further analytical methodology developments are required.
General Challenges
The key challenge in applying IR ion spectroscopy to biological research lies in sample consumption. As a mass spectrometric technique, the inherent sensitivity of ion spectroscopy is high, certainly in contrast to the structural competitor technique, nuclear magnetic resonance (NMR). On the other hand, as an IR ion spectrum consists of photodissociation mass spectra at several, perhaps hundreds of discrete laser frequency steps, this naturally reduces the sensitivity of the methodology (compared with the acquisition of a single mass spectrum). The problem boils down to the extremely low duty cycle of IR ion spectroscopy as at any one time, a single precursor is probed at a single laser frequency. One way to overcome this problem lies in multiplexing the experiment, such that the IR spectra of multiple analytes are measured in parallel. A related problem lies in the speed with which IR spectra can be recorded, which also affects sample consumption.
Considerations on Experimental Methodologies and Instrumentation
The challenges above raise a number of questions. Which IR 'action' spectroscopy scheme is most useful within a bioanalytical methodology? Which type of a mass spectrometer would be best suited for these measurements? What tradeoffs are there in terms of maximizing sensitivity, speed, and spectral resolution?
A key requirement is that the spectroscopic technique is performed at higher resolution, necessitating cryogenically cooled ions. Among the various cryogenic ion IR spectroscopy schemes, the messenger spectroscopy method, also known as predissociation spectroscopy [37] , is, in our opinion, best positioned for bioanalytical applications. Briefly, in messenger spectroscopy, atoms or molecules are attached to analyte ions via weak van der Waals interactions at cryogenic temperatures; the tag is then detached upon resonant absorption of a photon by the analyte ion.
The advantages of messenger spectroscopy are multifold. First and foremost, the methodology is applicable to any molecule, as IR modes of the molecule are probed. In contrast, for instance the IR-UV double resonance scheme [38, 39] or IR photofragment gain spectroscopy [40] require the presence of a UV chromophore (with a suitably long lifetime of the excited state) [41] , thereby constraining the types of molecules that can be probed. Another key advantage of the tagging scheme ensues from the known mass of the tagging gas, which, barring any mass interferences, allows for simultaneous tagging of multiple analyte molecules at different m/z. These tagged analyte ions can then be subjected to laser irradiation, and the individual photodissociation behavior of several analytes can be investigated in the same experiment. This sets the stage for a multiplexed IR 'action' spectroscopy scheme. A final advantage of messenger spectroscopy is that the technique does not rely on ultimately cold temperatures (i.e., close to 4K), at least if slightly stronger-binding tags (e.g., H 2 , N 2 , Ne, Ar) are employed. In practice, this means that ion tagging can be achieved in more conventional mass spectrometric traps, such as 3D ion traps, as demonstrated in a number of studies [42, 43] . Crucially, these traps exhibit powerful mass-selective capabilities, allowing for mass manipulation and detection of ions inside the cryogenic trap. On a side note, there has been a general trend in cryogenic spectroscopy to lower-order traps, such as octopoles [44] and even (wire-type) quadrupoles [45] , which nonetheless achieve low temperatures, mainly for the purpose of enhancing the overlap of the ion cloud with the laser beams, even if those particular traps do not display massselective capabilities (yet). There are also some disadvantages of messenger spectroscopy vis-à-vis IR-UV double resonance spectroscopy; the tag can cause a distortion in the (inherent) IR spectrum of the ion, and it is not as convenient to select a particular conformer, even if IR-IR approaches [46] are capable of Bburning^away particular conformers. In terms of using messenger spectroscopy as an analytical tool, where structural identification can be achieved via IR spectral matching to known library compounds, the spectral distortion and presence of multiple conformers may not represent an impediment, however, provided that the van der Waals tag is the same in both measurements, meaning that the distortion is also identical. Figure 4 illustrates an idealized scheme for multiplexed IR spectroscopy for a mixture of analytes, using the tagging approach. After trapping (1), mass interferences are removed (2) , to prevent mass overlaps with predicted masses of tagged ions. A gas pulse containing the tagging agent will then cool the ions and convert some ion population into tagged ions (3). The remaining portion of untagged ions are mass ejected (4), followed by laser irradiation at a particular frequency (5) . Some ions will dissociate at this frequency (red arrows), whereas others do not, reflecting their IR absorbance characteristics. Note that the ejection of the precursor in step (4) is essential for a background-free detection of the photodissociation, thereby maximizing the sensitivity of measurement. This whole procedure is repeated at different laser frequency steps to record the IR spectra of multiple ions in a multiplexed approach. While steps 3, 4, and 5 would have to be carried out inside a cryogenic trap, steps 1 and 2 could more easily be performed in an upstream trap, as the ions only need to be cold for tagging purposes. It should be noted that this scheme has so far not been put into practice because of the challenges of massmanipulating ions in a cryogenic trap, most notably the extreme fragility of tagged ions. These challenges will be discussed in more detail below.
What is the ideal tag in these experiments?
From a spectroscopic point of view, the ideal tag is one that causes the least distortion in the inherent IR spectrum of the analyte ion; in other words, the tag that is the least polarizable and therefore has the lowest binding energy. From that point of view, helium would be the ideal choice. From a mass spectrometry point of view, however, tagging with helium is challenging. Helium will only tag at extremely low temperatures (i.e., <10K), and has so far not been implemented in cryogenic traps with mass-selective capabilities. Moreover, the mass shift by helium (4Da), or for that matter hydrogen (2Da), or deuterium (4Da), are low, meaning that mass-ejecting untagged ions (in step 4 of Figure 4 ) is likely to result in a non-resonant activation (i.e., acceleration) of the tagged ions. As the tagged ions are extremely fragile, any collisional activation will lead to loss of the tag and, thus, a non-radiative decay of the target ion population. In a best-case scenario, this undesirable process will add significant noise to the IR spectra by spoiling the background-free detection scheme; in a worst-case scenario, the tagged ion population will be completely depleted, precluding the measurement of the IR messenger spectrum altogether! The use of higher-mass tags is advisable in terms of simplifying mass ejection of the untagged ions remaining, while still minimizing activation of the tagged ions. Nitrogen (28Da) and argon (40Da) are natural choices, given their low cost, and previous use in messenger spectroscopy. Neon (20Da) is also a viable candidate, as it exhibits fewer distortions of the IR spectrum than argon, while condensing at intermediate temperatures between helium and argon. The effect of the tag on the IR messenger spectrum is illustrated in Figure 5 for the example of the proton-bound dimer of water, H 5 O 2 + . The Ne-tag spectrum appears similar to the one using He-tags, whereas the Ar-tag causes a number of spectral distortions. On a side note, the Ne-and Ar-tagging in Figure 4 was achieved in a supersonic expansion [47] . While it is clear that the tag can affect the IR spectrum of an analyte, it should be noted that proton-bound complexes are also extreme examples in IR spectroscopy. The floppy nature of these molecular systems and the highly anharmonic, large-amplitude motions of the shared proton allow for coupling interactions that are vastly more pronounced than for other (covalently bound) molecules.
The ideal tag for bioanalytical applications also depends on other parameters that affect the overall ease of measuring these spectra, such as the tagging efficiency. The conversion rate of untagged ions into tagged ions is governed primarily by the temperature of the ions and number density of the tag molecules. A complicating factor in these experiments is that the tag molecules can 'freeze out' on the electrodes, causing a distortion in the electric fields and, thus, malfunction of the ion trap in the longer run. For this reason, the tag molecules are often added as a small component in a helium gas mix, the role of helium being to collisionally thermalize the ions, which requires many collisions with the trap electrodes and the ions. Helium is a natural choice for this purpose, as it will not 'freeze out' on the electrodes. The optimum tag gas concentration will depend on the design of the trap and the trade-offs of maximizing the yield of singly-tagged ions, while still allowing the ion trap to be operated for a number of hours. To put the discussions above into context, so far, He [48, 49] , H 2 [4, 16] , D 2 [46] , Ne [48] , and N 2 [48] have already been shown to be successfully tagged onto ions in cryogenic traps, but this feat remains to be implemented for higher-temperature melting point gases, such as for instance Ar. 
What is the ideal cryogenic trap?
Conservatively, the yield of singly-tagged ions can be as high as a few percent, meaning a net loss of >90% of ion signal upon going from untagged to tagged ions. The ideal mass spectrometer for messenger spectroscopy, carried out on a number of analytes simultaneously, thus involves a mass-selective cryogenic trap with a high dynamic range of detection and powerful MS/ MS capabilities. Table 2 lists some of the ion traps that can be considered for this purpose, along with key characteristics for maximizing sensitivity. We will discuss the merits for each of these possibilities in turn. Note that due to the constraints in these experiments, hybrid designs, involving additional upstream traps, are likely even more effective in terms of facilitating these measurements.
The experiments by Johnson and co-workers have been carried out on a cryogenically cooled 3D Paul ion trap coupled to a time-of-flight (TOF) analyzer, and thus it is clear that ion tagging can be successfully implemented in these types of traps [4] .
A linear ion trap (LIT) (with mass selection capabilities), also known as a 2D ion trap, is generally considered among the most powerful tools for MS n experiments, given its high trapping efficiency (i.e., close to 100% compared with 1%-10% for 3D ion traps) and capacity (i.e., higher by an order of magnitude than 3D ion trap), extensive mass isolation capabilities, and low detection limits [50] [51] [52] [53] . In a practical sense, the large number of initially trapped analyte ions make these traps tolerant to ion losses as a result of low conversion rates. Despite their considerable potential, mass-selective LITs have so far not been implemented for cryogenic IR spectroscopy applications.
Another possibility as a cryogenic ion trap is a Fourier transform ion cyclotron resonance (FTICR) trap, which has the advantage of high vacuum operation and excellent mass manipulation characteristics. FTICR traps have already been demonstrated in cryogenic experiments, at least down to 133K [54, 55] . A disadvantage of the induced current detection scheme for FTICR is the lower sensitivity vis-à-vis electron multiplier detection (by about two orders of magnitude) [56] . A complicating factor in these experiments is the need for collisional cooling of the ions, in order to form the tagged complex. At cryogenic temperatures, the neutral density of the pulsed gas remains high for extended periods (tens to hundreds of ms) [57] , and this poses a potential problem for precluding dissociative collisions of the fragile messenger ions. In the experiments by Johnson et al., the tagged ions were not irradiated inside the 3D ion trap, but rather in the TOF analyzer, using the TOF for mass separation and thus mass selection of the tagged species [13] . That approach minimizes problems with dissociation of the tagged ions due to collisions with background gas, as the background pressure in the TOF chamber is considerably lower than in the 3D ion trap. In terms of implementing IR action spectroscopy inside of the cryogenic trap, there is a clear trade-off between maximizing ion cooling/ tagging on the one hand, while minimizing fragmentation of the tagged ions on the other. Another option is to utilize two cryogenic ion traps, one for cooling and tagging, operated at a higher pressure, and one for mass isolation, photodissociation, and mass detection, operated at a lower pressure. At this point, it remains to be seen which instrumentation offers the most facile implementation, while remaining a cost-effective option. From a point of view of maximizing sensitivity, it is our opinion that cryogenic LITs will play a prominent role to address this challenge, and in fact dual LIT designs are already commercially available, and fit well into this scheme [58] .
At what speed can IR spectra be recorded?
The answer to this question is intimately tied to the time required for taking a measurement at a single laser frequency. In the experimental sequence in Figure 6 , rough estimates for various events are indicated. For reference, the reader may compare these timings to alternative cryogenic spectroscopy approaches and instrumentation [17, 59] . A likely bottleneck in this sequence is the pump down delay, which must at least be on the order of several tens of ms, but may have to exceed 100ms, in order to achieve a lower background pressure during ion manipulation (i.e., mass isolation and mass scan). Assuming a best-case scenario of~4Hz, at which mass spectra can be recorded, and the need for a single mass spectrum at a laser step a mid-IR spectrum from 800 to 1800cm -1 would be on the order of 500s, or just under 9min. For comparison, Kopysov et al. reported a measurement time of 150ms per wavelength point in their UV photodissociation experiments [17] .
For what types of samples would these measurements be useful?
Given the rather lengthy scan times, it is expected that these experiments will not be compatible with LC elution profiles for the foreseeable future. Instead, it makes more sense that highvalue LC fractions, containing potential biomarkers that are yet unidentified using current methodologies, are carried out offline. Ideally, the complementary mass measurements with conventional approaches are carried out at high mass resolution and high mass accuracy, in order to enhance molecular specificity from the combined mass and IR information, but also avoid the presence of multiple isobaric species under one unit mass.
Summary
Although there have been substantial advances in measuring high resolution IR action spectra of biomolecular ions over the past decade, the primary focus of those experiments has been on obtaining a fundamental understanding of gas-phase structure, intimately tied in with theoretical predictions of structure, and thus a benchmarking of theory. This critical insight article has attempted to give a perspective for bioanalytical applications of similar technologies and methodologies. It is proposed to implement IR messenger spectroscopy in the context of small molecule identification, illustrated primarily for the example of metabolite identification. The tagging approach in messenger spectroscopy is, in principle, suited to recording the IR spectra of multiple analytes in a multiplexed fashion. Such a scheme would most easily be implemented in a mass-selective cryogenic trap, where all ions are tagged and spectroscopically probed in parallel. A cryogenic linear ion trap with mass selection capabilities is expected to be the ultimate tool for performing ion spectroscopy experiments on mass-separated ions because of its high sensitivity and powerful MS/MS capabilities. The choice of the ideal mass tag remains to be investigated, in the context of providing high-quality, high-resolution IR spectra, as well as ease of implementation in a cryogenic trap.
As challenges specific to instrumentation are overcome, we anticipate that the first demonstration of IR ion spectroscopy as a bioanalytical tool will take place in the next few years. This will hopefully spur commercial manufacturers to produce mass Figure 6 . Time sequence of mass spectrometry experiment for IR 'action' spectroscopy inside cryogenic trap (from bottom to top) spectrometry instrumentation that is more suitable for ion spectroscopy measurements, notably mass-selective cryogenic ion traps.
